Plant cells have the ability to perceive a variety of microbial substances (Boller, 1995) . Perception of some of these substances, such as elicitors, may initiate phytoalexin production and other responses associated with defense (Darvill and Albersheim, 1984; Ebel and Cosio, 1994). Perception of other microbial factors may initiate responses important for symbiosis, e.g. the initiation of nodule formation in legume roots by rhizobial Nod factors (Dénarié et al., 1992). Both types of chemoperception systems are highly sensitive and selective, indicating that they are mediated by specific receptors (Ebel and Cosio, 1994; Boller, 1995) . Indeed, high-affinity binding sites with all of the characteristics of receptors have been identified and characterized for a number of microbial substances in various plants (Boller, 1995; Cô té et al., 1995).
Suspension-cultured tomato (Lycopersicon esculentum) cells react to stimulation by chitin fragments with a rapid, transient alkalinization of the growth medium, but behave refractory to a second treatment with the same stimulus (G. Felix, M. Regenass, T. Boller [1993] Plant J 4: 307-316). We analyzed this phenomenon and found that chitin fragments caused desensitization in a time-and concentration-dependent manner. Partially desensitized cells exhibited a clear shift toward lower sensitivity of the perception system. The ability of chitin oligomers to induce desensitization depended on the degree of polymerization (DP), with DP5 Ϸ DP4 > > DP3 > > DP2 > DP1. This correlates with the ability of these oligomers to induce the alkalinization response and to compete for the high-affinity binding site on tomato cells and microsomal membranes, indicating that the alkalinization response and the desensitization process are mediated by the same receptor. The dose required for half-maximal desensitization was about 20 times lower than the dose required for half-maximal alkalinization; desensitization could therefore be used as a highly sensitive bioassay for chitin fragments and chitin-related stimuli such as lipochitooligosaccharides (nodulation factors) from Rhizobium leguminosarum. Desensitization was not associated with increased inactivation of the stimulus or with a disappearance of high-affinity binding sites from the cell surface, and thus appears to be caused by an intermediate step in signal transduction.
Plant cells have the ability to perceive a variety of microbial substances (Boller, 1995) . Perception of some of these substances, such as elicitors, may initiate phytoalexin production and other responses associated with defense (Darvill and Albersheim, 1984; Ebel and Cosio, 1994) . Perception of other microbial factors may initiate responses important for symbiosis, e.g. the initiation of nodule formation in legume roots by rhizobial Nod factors (Dénarié et al., 1992) . Both types of chemoperception systems are highly sensitive and selective, indicating that they are mediated by specific receptors (Ebel and Cosio, 1994; Boller, 1995) . Indeed, high-affinity binding sites with all of the characteristics of receptors have been identified and characterized for a number of microbial substances in various plants (Boller, 1995; Cô té et al., 1995) .
In previous studies with suspension-cultured tomato (Lycopersicon esculentum) cells, we have identified highly sensitive perception systems for glycopeptides with a fungal-specific N-linked glycan of 9 to 12 mannosyl units (Basse et al., 1992) , for chitin fragments (Felix et al., 1993) , for ergosterol (Granado et al., 1995) , and for fungal xylanase (Felix et al., 1993 (Felix et al., , 1994 . These compounds belong to very different classes of chemical structures but are highly typical for fungi and are not known to occur in plants. High-affinity binding sites specific for the glycopeptides (Basse et al., 1993) and for the chitin fragments (Baureithel et al., 1994) could be demonstrated on tomato cells and membranes.
Chemoperception systems in microbes and animals are often desensitized by the continuous presence of the stimulus, allowing an increase in the dynamic range of the sensory system (Dusenbery, 1992) . We have observed a similar effect on some of the chemoperception systems in tomato cells. For example, cells reacted with a transient alkalinization of the growth medium when treated with chitin fragments but did not respond when treated with a second dose of chitin fragments, although they still reacted to xylanase (Felix et al., 1993) or ergosterol (Granado et al., 1995) . Reciprocally, when cells were treated with ergosterol, they were refractory to further stimulation with ergosterol but still responded to chitin fragments and xylanase (Granado et al., 1995) . These observations indicate that the different chemoperception systems are desensitized in an independent manner. Desensitization can therefore be used experimentally to distinguish different types (qualities) of stimuli. For example, tomato cells react to Nod factors (which contain a chitin oligomer as a backbone) with an alkalinization response and become refractory to subsequent stimulation by chitin. Cells pretreated with chitin fragments show no response to Nod factors, indicating that Nod factors and chitin fragments have the same sensory quality for the tomato cells (Staehelin et al., 1994) .
In an attempt to study the processes underlying desensitization, we describe here the characteristics of the refractory behavior in tomato cells treated with chitin fragments. We present data on the time and dose dependence of desensitization, and show that this process is not associated with inactivation of the chitin fragments or with disappearance of the binding site for chitin fragments from the cells.
MATERIALS AND METHODS

Chitin Fragments and Nod Factors
Chintin fragments CH2, CH3, CH4, and CH5 were obtained from Seikagaku (Tokyo, Japan). The purified Nod factor Nod Rlv-V(Ac;C18:1) from Rhizobium leguminosarum bv viciae, CH5 modified at the nonreducing end by an O-acetyl group and an N-linked unsaturated fatty acid (18:1) (Spaink et al., 1991) , was kindly provided by H.P. Spaink (Leiden State University, Leiden, The Netherlands).
Cell Culture and Alkalinization Response
The tomato (Lycopersicon esculentum) cell line Msk8 (Koornneef et al., 1987) was maintained as a suspension culture (Felix et al., 1991a) and used 4 to 10 d after subculture for experiments. To measure alkalinization of the growth medium (the alkalinization response), 2.5-mL aliquots of the suspension were placed in open, 20-mL vials on a rotary shaker at 120 cycles min Ϫ1 . The pH in the medium was continuously measured using a small, combined-glass electrode (Metrohm, Herisau, Switzerland) and registered on a pen recorder. The ⌬pH max , which occurred 3 to 5 min after application of chitin fragments, was derived from the recordings (Felix et al., 1993) . The maximal pH increase obtained after stimulation with saturating doses of CH4 (Ͼ1 nm) varied little within one experiment using one batch of cells (Ϯ approximately 0.03 pH unit), but varied between 0.5 and 0.8 in different experiments using different batches of cells.
To use desensitization as a bioassay for chitin-related stimuli, aliquots of cell suspension were pretreated for 60 min with chitin fragments or the compounds to be tested, and the alkalinization response (⌬pH max ) to subsequent treatment with 10 nm CH4 was recorded.
Binding Assay for Chitin Fragments
Binding of chitin fragments to whole cells was studied with a 35 S-labeled derivative of CH5 as described previously (Baureithel et al., 1994) . One-milliliter aliquots of cell suspension containing approximately 0.3 g fresh weight of cells were incubated with 100 nCi of CH5-Gly-[
35 S]Met-Boc (specific activity approximately 1000 Ci mmol Ϫ1 ) and 1 or 10 nm CH5 for 20 min on ice. Cells were collected on a paper filter and washed with fresh, ice-cold medium. Radioactivity bound to the cells was measured by scintillation counting.
Reproducibility
Data shown in figures are from single experiments representative of at least three independent repetitions.
RESULTS
Dependence of Desensitization on Dose and Time
Suspension-cultured tomato cells react to treatment with subnanomolar concentrations of chitin fragments or ergosterol with rapid alkalinization of their extracellular medium (Felix et al., 1993; Granado et al., 1995) . Examples of the alkalinization response are shown in Figure 1 . In cell cultures treated with doses of 0.03, 0.3, or 3 nm N,NЈ,NЈЈ,NЈЈЈ-tetraacetylchitotetraose (CH4) or 3 nm ergosterol, the pH in the medium started to increase after a short lag, reached a maximum after approximately 5 min, and then decreased rapidly. ⌬pH max was 0.76 and 0.54 in cells treated with 3 nm CH4 and 3 nm ergosterol, respectively. After this transient alkalinization the pH did not reach a constant, stable value but slowly oscillated below and above the baseline observed in untreated control cells (values for later time points not shown). Increasing the concentration of CH4 to 1 m resulted in a pH profile indistinguishable from that observed with 3 nm CH4 (data not shown), indicating that the response of tomato cells was saturated at concentrations Ն3 nm.
At different times after the application of the first stimulus, cells were treated with 10 nm CH4 as a second stimulus (Fig. 1) . Cells initially treated with 3 nm CH4 did not react to the second stimulus, confirming earlier findings in cells treated with an initial dose of 10 nm CH4 (Felix et al., 1993) . Cells treated with an initial dose of 0.3 or 0.03 nm CH4 exhibited an alkalinization response when stimulated a second time (Fig. 1) . However, ⌬pH max was considerably lower than in control cells that had not received a first stimulus or that had been stimulated with 3 nm ergosterol (Fig. 1) . In these cultures, the ⌬pH max after stimulation with 10 nm CH4 remained at approximately 0.7 to 0.8 throughout the experiment.
The responsiveness of cells after a first stimulation was assayed for a broader range of CH4 concentrations and over a prolonged period of time (Fig. 2 ). While treatment with 1 pm CH4 did not cause a decrease in the ⌬pH max reached in response to the second stimulation with 10 nm CH4, a significant decrease in response occurred in cells treated with 3 and 10 pm CH4. In cells pretreated with doses of 30 to 300 pm, the responsiveness was minimal after 30 to 60 min of treatment and then slowly recovered, but did not reach the responsiveness of untreated cultures within the 4 h of the experiment. Thus, desensitization is a gradual process that depends on the duration of the pretreatment as well as on the initial dose of the first stimulus ( Figs. 1 and 2) .
To study the sensitivity of the perception system after a first stimulation, the dose-response relationship for CH4-induced alkalinization was measured with untreated control cells and with cells pretreated for 60 min with 0.03, 0.3, and 3 nm CH4 (Fig. 3) . In control cells the EC 50 value was approximately 40 pm CH4. In contrast, EC 50 values were 2 nm and about 10 nm in cells pretreated with 0.03 and 0.3 nm CH4, respectively. Cells pretreated with 3 nm CH4 did not exhibit measurable alkalinization when treated with CH4 up to concentrations of 1 m (Fig. 3) . This decrease in the sensitivity of the cells was specific for the response to chitin fragments, and no change in dose dependency for ergosterol was observed after pretreatment with 3 nm CH4 (data not shown).
Desensitization as a Bioassay for Chitin Fragments
Desensitization of cells could be used as a sensitive bioassay for chitin-related stimuli. The EC 50 for desensitization (i.e. the concentration that leads to 50% reduction of the ⌬pH max in response to the second stimulation by 10 nm CH4) was determined for chitin oligomers with a DP between 1 and 5. The EC 50 of CH4 and CH5 for desensitization was approximately 5 pm ( Fig. 4 ; data not shown for CH5). The smaller chitin fragments, CH3, CH2, and CH1, were much less effective inducers of desensitization, with EC 50 values of 1 nm, 4 m, and 20 m, respectively (Fig. 4) . The relative effectiveness of chitin oligomers in the desensitization assay was CH5 Ϸ CH4 Ͼ Ͼ CH3 Ͼ Ͼ CH2 Ͼ CH1, reflecting their relative effectiveness at stimulating the alkalinization response (Felix et al., 1993) . However, the bioassay involving desensitization was much more sensitive, since the EC 50 values for desensitization were about 20 times lower than the EC 50 values for the alkalinization response.
A similar difference in sensitivity of the two bioassays was also observed with Nod factors from R. leguminosarum. As described previously for other Nod factors (Staehelin et al., 1994) , Nod Rlv-V(Ac;C18:1), a Nod factor that contains a CH5 backbone (Spaink et al., 1991) , was found to induce alkalinization and desensitization to subsequent stimulation with (underivatized) chitin fragments. Cells reacted with measurable alkalinization to concentrations of this Nod factor greater than 0.1 nm, and their response was half-maximal at approximately 3 nm (Fig. 5) . In the desensitization bioassay, 60 pm Nod factor was sufficient to reduce the subsequent stimulation by CH4 by 50% (Fig. 5) . As observed previously (Staehelin et al., 1994) , the maximal pH increase reached with saturating concentrations was lower with the Nod factor than with CH4: 0.30 pH units with Ͼ30 nm Nod Rlv-V compared with 0.55 pH units with 10 nm CH4 (Fig. 5) . On the other hand, Nod Rlv-V at concentrations greater than 3 nm induced complete desensitization (Fig. 5) .
Inactivation of Chitin Fragments by Cell Suspensions
A simple explanation for the refractory behavior of cells would be a strongly accelerated inactivation of the chitin fragments in cells pretreated with the stimulus, e.g. by a chitinase activity induced by the pretreatment. As observed previously, the activity of chitin fragments added to tomato cell suspensions disappeared rapidly (Felix et al., 1993) (Fig. 6 ). This was tested by adding 10 nm CH4 to suspensions and assaying samples at intervals for their capacity to induce alkalinization (in fresh aliquots of cells). However, the rate of inactivation in cells pretreated with 1 nm CH4 for 60 min was indistinguishable from that in cells without pretreatment (Fig. 6) . In both suspensions, activity disappeared with first-order kinetics, leading to an appar- ent half-life of approximately 25 min for CH4 (Fig. 6) . The same rate of inactivation was observed when CH4 was incubated in the cell-free medium obtained from the two cultures by filtration (Fig. 6 ). Because no inactivation was observed after heat treatment of the medium (95°C for 5 min; data not shown), the inactivation of CH4 is best ascribed to the presence of an enzyme activity, most likely a chitinase activity, in the culture medium. The data described above show that desensitization is not associated with enhanced degradation or inactivation of the chitin fragments in prestimulated cells.
Binding of Chitin Fragments by Desensitized Cells
We have previously developed an assay to study the high-affinity binding sites for chitin fragments on intact tomato cells (Baureithel et al., 1994) . Using the radioligand CH5-Gly-[
35 S]Met-Boc in the presence of 10 nm unlabeled CH5, conditions that saturate the binding sites present on intact cells to approximately 80% (K d 1.4 nm; Baureithel et al., 1994), we measured binding sites present on the cell surface in the course of desensitization (Fig. 7) . We observed no significant change in binding to cells after pretreatment with 0.03 or 0.3 nm CH4 (Fig. 7) , indicating that the number of binding sites did not change during the desensitization process. Similarly, no change in binding could be observed during the desensitization process when binding was studied under less-saturating conditions (with only 1 nm unlabeled CH5, approximately 30% saturation; data not shown). These results suggest that desensitization is not caused by changes in the number or the affinity of the binding sites present on the cells.
DISCUSSION
Extracellular alkalinization has been observed in cell cultures of many different plant species treated with a variety of elicitor preparations and wound-related stimuli. This decrease of H ϩ in the culture medium has been found to coincide with an increase in K ϩ in the medium and a depolarization of the plasma membrane (Mathieu et al., 1991; Kuchitsu et al., 1993; Nü rnberger et al., 1994; Felix and Boller, 1995) . However, the cellular mechanisms regulating these ion fluxes are not known, nor have the ion channels and/or ion pumps involved been identified. In this study we made use of the alkalinization response as an indicator of the plant's reaction, much like the change in membrane potential in neurophysiology, to analyze perception of chitin fragments by tomato cells. Treatment of these cells with chitin fragments or related molecules such as Nod factors led to rapid adaptation or desensitization of the perception system. Desensitization of chitin perception does not affect the response to unrelated stimuli such as ergosterol or xylanase; reciprocally, cells stimulated by these unrelated stimuli show no desensitization of the perception for chitin fragments (Felix et al., 1993; Granado et al., 1995) (Fig. 1) .
The transient nature of alkalinization induced by chitin fragments is probably connected to desensitization. In cells treated with saturating doses of chitin fragments (e.g. Ն1 Figure 6 . Inactivation of chitin fragments in cell suspensions before and after desensitization. Inactivation was tested in suspensions without pretreatment (E, छ) or 60 min after pretreatment with 1 nM CH4 (F, ࡗ). At time 0, CH4 (10 nM) was added to cell suspensions or the corresponding culture medium freed of cells by filtration. Samples were taken at intervals, and serial dilutions were assayed for the induction of the alkalinization response. Equivalents of CH4 in the samples were determined from a standard curve obtained with untreated CH4. E, Cell suspension without pretreatment; छ, cell-free medium of control cells; F, cell suspension pretreated with 1 nM CH4; ࡗ, cell-free medium from pretreated cells. nm CH4) ⌬pH max was reached after approximately 3 to 4 min. Thereafter, the pH decreased, irrespective of chitin fragments still present (or added as a second dose) and even though cells still had the capacity to respond with further alkalinization when treated with unrelated stimuli. Therefore, the decrease in pH that follows the peak of alkalinization is probably caused by a readjustment mechanism that prevails as soon as the perception system becomes desensitized. Indeed, cells rapidly readjust the pH of the growth medium when alkalinization is mimicked by the addition of small amounts of base (data not shown). Although response to chitin fragments lasts for only a few minutes, desensitization persists for several hours, even in the absence of the stimulus (Felix et al., 1993) .
The alkalinization response elicited by ergosterol is also transient (Fig. 1) , indicating that desensitization takes place in a similar manner. In contrast to chitin fragments and ergosterol, xylanase elicits an alkalinization lasting for several hours (Felix et al., 1993) , and the refractory behavior toward further additions of xylanase could reflect a continuous, saturated response rather than desensitization. In tobacco, the elicitor activity of xylanase has been attributed to the xylanase protein itself rather than to plant cell wall fragments released by its enzyme activity (Sharon et al., 1993) . We have similar evidence for direct elicitor activity of xylanase in tomato (M. Bü rgin, G. Felix, and T. Boller, unpublished results) .
The relative ability of chitin fragments of different lengths to induce desensitization paralleled their ability to induce alkalinization and their affinity for the chitinbinding site on intact cells and microsomal membranes (Baureithel et al., 1994) . Similarly, the relative effectiveness of the Nod factors in all of these assays was between that of CH4 and CH3 (Baureithel et al., 1994) (Fig. 5) . These data strongly indicate that induction of the alkalinization response and desensitization proceed by binding to the same receptor. Desensitization can be observed at approximately 20-fold lower concentrations than induction of alkalinization. Measurable alkalinization probably requires the coherent, synchronous response of many cells. The response to low concentrations might be impeded by the kinetics of diffusion, leading to a broad, nonmeasurable peak of alkalinization, or faint alkalinization might be masked by nonstimulated (or desensitized) cells that readjust the pH in the medium. Desensitization, in contrast, appears to proceed in a cumulative manner, and low concentrations of chitin fragments can cause progressive desensitization (Fig. 2) .
Desensitization of the chitin-perception system is not unique to the tomato cells used in this study; it was also observed in a cell culture of tobacco (data not shown). However, desensitization was not observed in a cell culture derived from a wild species of tomato, Lycopersicon peruvianum. In these cells, consecutive treatments with chitin fragments stimulated repeated alkalinization (data not shown), as was also observed for stimulation of these cells with systemin (Felix and Boller, 1995) . The transient character of medium alkalinization appears to be caused by inactivation/degradation of the chitin fragments rather than desensitization. In rice cells, chitin fragments with a DP Ͼ 7 have been reported to stimulate a more permanent alkalinization response (Kuchitsu et al., 1993) . Apparently, no rapid desensitization comparable with the one described in this study takes place.
We tested two simple hypotheses to account for the phenomenon of desensitization, but had to reject both of them. The first hypothesis was that desensitization might be connected to an increased ability of the cells to modify or inactivate the ligand, for example, by increased degradation or uptake or by the production of a specific inhibitor of binding. However, our data show that the rate of disappearance of biologically active chitin fragments was the same in control cells as in prestimulated, desensitized cells. In both cases chitin fragments disappear with apparent first-order kinetics and a half-life of approximately 25 min ( Fig. 6) . The same rate of inactivation was observed in the corresponding culture medium freed of cells by filtration. Inactivation is thus best explained by chitinase activity that is released by the cells and acts at a substrate concentration far below its K m .
The second hypothesis was that the receptor itself might be altered in its affinity to the ligand, or that it might be inactivated or internalized. However, our binding data show that neither the number nor the affinity of the binding sites for chitin fragments were noticeably altered in desensitized cells compared with control cells (Fig. 7) . We could not detect alterations in the medium or at the cell surface that could explain the phenomenon of desensitization. Therefore, we propose that desensitization occurs at an intracellular step in the signal transduction pathway leading to induction of alkalinization. Assuming that the alkalinization response induced by different stimuli is based on the regulation of common channels or pumps, signaling must converge at a certain point beforehand, and, because desensitization is specific to the stimulus, a step occurring before this convergence must be the target of desensitization.
A known mechanism for rapid desensitization of perception systems in animal cells involves ligand-induced phosphorylation of the receptor, as exemplified in the wellstudied case of adrenergic receptors (Lefkowitz et al., 1993) . Induction of alkalinization in tomato cells is correlated with specific changes in protein phosphorylation and can be inhibited by the protein kinase inhibitor K-252a (Felix et al., 1991b (Felix et al., , 1994 . If phosphorylation at the receptor or a step farther downstream in the signaling pathway is involved in desensitization, then the relevant phosphorylations are expected to be added quickly, within 5 min of stimulation, and to persist throughout the period in which desensitization is observed.
In microbial organisms and animals, adaptation and desensitization are common characteristics of signal perception. These processes are important to detect changes in signal intensities and gradients of stimulus concentrations, e.g. in bacterial chemotaxis (Armitage, 1992) or in the orientation of insects toward odorous sources (Stengl et al., 1992) . In both cases, removal of the stimulus usually leads to a rapid reversal of desensitization (Armitage, 1992; Stengl et al., 1992) . We can only speculate about the biological role of desensitization in tomato cells. Plants, as nonmotile organisms, might not be confronted with the rapid increases and decreases in stimulus concentration that are characteristic of chemotaxis. Nevertheless, they might need information about increases in stimulus concentration. Desensitization might allow an increase in the dynamic range of chitin-fragment perception (Dusenbery, 1992) , as indicated by the shift in sensitivity of the perception system after a first stimulation. Therefore, a cell that has not been exposed to chitin fragments previously will be maximally sensitive and react in a dynamic range between 0.01 and 1 nm. After a response to these small doses of stimulus, however, it will react in a higher dynamic range between 0.5 and 50 nm.
In conclusion, the desensitization of the perception system for chitin fragments occurs rapidly in a time-and concentration-dependent manner, and appears to be based on intermediate steps in signaling rather than on the interaction of the stimulus with its binding site (receptor) on the cell surface. A deeper understanding of this phenomenon must await characterization of the receptor involved and the identification of the elements downstream in the signal chain.
